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A B S T R A C T   

In this present work, porous graphene (pGr), boron (B-pGr), and nitrogen (N-pGr) doped porous sheets are 
explored as a bio-sensor device for sensing modified nucleobases (MBs) in cancer therapy using density func
tional theory (DFT). The obtained geometrical, energetic and electronic properties revealed that the B-pGr is 
highly reactive and it adsorbs MBs better than the pGr and N-pGr, because B atom holds empty p-orbitals which 
easily interact with partially filled p-orbital of N and O atom. Thus, the adsorption energies of 5hmc, 5caC, and 
5fc on B-pGr are high rather than the pGr and N-pGr. The corresponding adsorption energies are − 96.074, 
− 77.0, and − 60.721 kcal/mol for 5hmc, 5caC, and 5fc respectively. The positive signature of ΔN values (0.005 
eV, 0.076 eV, and 0.047 in MBs on pGr and 0.171 eV, 0.252 eV and 0.205 eV in MBs on N-pGr) are obtained at 
MBs on pGr and N-pGr complex. The negative ΔN values (− 0.141 eV, − 0.032 eV, and − 0.061 eV in MBs on B- 
pGr) are obtained at MBs of B-pGr. The calculated absorption values shows that the B-pGr is strongly adsorbed 
MBs at 342 nm. The obtained results exhibit that the B-pGr sheet retains significant therapeutic potential as a bio- 
sensing application for cancer therapy.   

1. Introduction 

The expansion of two-dimensional (2D) nanomaterials in nanotech
nology received great impact on various fields such as bio-sensor de
vices, drug delivery application, detect toxic gases for environmental 
application, and energy harvesting applications. Recently DNA/RNA 
sensing on 2D nanomaterials received great attention in the pharma
cological field to develop personalized medicine for specific diseases. In 
our previous work, some theoretical prediction has been made to adsorb 
DNA/RNA base pairs (AT, GC, and AU) on defective and defect-dopant 
graphene sheet (Saravanan et al., 2020b). These discoveries further 
lead to adsorb the epigenetic modifications of nucleobases over the 
graphene-based nanomaterials. The improvement of graphene related 
nanomaterial depends on our capacity to open a tunable energy gap. 
Several techniques have been improved to synthesis high-performance 

graphene-based nanomaterials by engineering their energy gaps to in
crease their semiconducting properties. Semiconductor based bio-sensor 
devices are highly challenging because of their exceptional structural 
stability and surface reactivity in the ambient conditions. The primary 
challenge of the semiconductor-based bio-sensor devices is to encounter 
the demand for more sensitivity and specificity. Nowadays, solid-state 
nanopores (Gershow and Golovchenko, 2007) and biological nano
pores (Kasianowicz et al., 1996) are emerging as a powerful technique 
for next-generation of DNA sequencing method. In recent years, porous 
graphene (pGr) had a great impact in many fields such as environmental 
protection, energy storage, energy conversion, water cleaning process, 
and biomedical applications, due to their semiconducting nature. 
Typically, porous carbon materials comprise porous or voids with 
different physical appearance (size and shape) which mainly have 
exceptional physical and chemical properties such as high mechanical 
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strength, high sensitivity, and good electrical and thermal conductivity. 
Predominantly, the porous carbon material is an outstanding material 
with a low density and high specific strength (Wasalathilake and Ayoko, 
n.d.). It is also capable of bonding with neighbour atoms through its sp, 
sp2, and sp3 hybridization. The high sensing mechanism is a very smart 
application for porous graphene due to the high surface area and addi
tional porosity, which could lead to better bio-sensing applications. 
Hence, in this work, pGr is used as a template material to adsorb 
epigenetically modified nucleobases (MBs) for cancer therapy. Previous 
studies reported that the presence of dopant atom increases the chemical 
reactivity of 2D nanomaterials surface. The dopant atom such as boron 
(B), nitrogen (N), silicon (Si), aluminium (Al), and phosphorous (P) 
atoms enhance the chemical reactivity of the graphene surface (Ao et al., 
2010; Dai et al., 2009; Mudedla et al., 2014). Previous findings (Agnoli 
and Favaro, 2016) have reported that B dopant atom modifies the 
physical and chemical properties of graphene nanomaterials, thus, it 
could be used for biomolecular detection and separation technology 
applications. Therefore, in this exploration pGr, B, and N doped pGr are 
used as a bio-sensor device to adsorb MBs using the theoretical 
approach. 

Canonical epigenetic modifications, comprising nucleic acid 
methylation, histone alteration, and chromatin remodelling, play an 
essential role in several life progression mainly neurodevelopment and 
other human diseases (Meng et al., 2019). Epigenetic modification 
elucidates the growth of cells in an organism with the same DNA 
sequence into diverse cell types with numerous functions. For the past 
few years, several studies revealed that the appearance of abnormal 
epigenetic modifications in DNA always related with the occurrence of 
several diseases, comprising cancer, diabetes, Alzheimer and many 
age-related diseases (Dolinoy et al., 2007; Hatchwell and Greally, 2007; 
Petronis, 2010; Portela and Esteller, 2010). DNA modification was 
mostly used in initial stages to refer 5-methylcytosine (5-mc), which acts 
as an important characteristic in many biological processes such as gene 
expression in regular cell development, X-chromosome inactivation, and 
maintenance of genome stability (Ito et al., 2011; Lu et al., 2015; 
Schübeler, 2015). In mammal cells, cytosine methylation is generally 
intermediated by the ten-eleven translocation methyl-cytosine dioxy
genase (TET) family. TET protein belongs to the family of iron (II)/al
pha-ketoglutaric acid dependent dioxygenases (Lu et al., 2015), which 
are primarily found to oxidize 5-mc to 5-hydroxymethylcytosine 
(5-hmc). Later findings have reported that 5-hmc can be further 
oxidized by TET protein to generate 5-formylcytosine (5-fc) and 5-car
boxylcytosine (5-caC) (Cheng et al., 2015; Hahn et al., 2014; Ito et al., 
2011). The epigenetically modified 5-fc and 5-caC are selectively 
distinguished and detached by thymine DNA glycosylase (TDG), and 
repaired to normal cytosine through base excision repair (Bian et al., 
2019; He et al., 2011; Xing et al., 2018). 5-fc and 5-caC are less plentiful 
than 5-hmc and it can be a stable epigenetic mark that regulates tran
scription process (Hahn et al., 2014; Xing et al., 2018; Xu et al., 2014). In 
specific, 5hmc distributes throughout the genome and it appears to act a 
dynamic role in the central nervous system, where it exists in higher 
level compared with embryonic stem cells and other normal cells 
(Szwagierczak et al., 2010). Hence, in this investigation, an attempt has 
been made to scrutinize the adsorption mechanism of 5hmc, 5fc, and 
5caC (denoted as MBs) over the porous graphene derivatives (pGr, 
B-pGr, and N-pGr (denoted as p-GDs)) by DFT. The following key points 
have been addressed in this present investigation. i) The geometrical, 
electronic and global reactivity parameters are calculated for pGr and its 
doped porous model (B-pGr and N-pGr) to understand the adsorption 
capacity and structural reactivity. ii) To govern the adsorption strength 
of MBs on p-GDs and compare adsorption strength of MBs on pGr and its 
doped porous model (B-pGr and N-pGr). iii) The charge transfer direc
tion and orbital interactions are carried out for MBs on pGDs during 
complexation. iv) To assess the interactive nature between MBs and 
p-GDs. v) The absorption properties are investigated upon MBs 
adsorption on p-GDs. 

Fig. 1. The optimized structure of p-GDs. Here black color is C, pink is B, green 
is N, and blue is H. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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2. Computational methodology 

The current investigation explores the adsorption mechanism of MBs 
on p-GDs by the M06–2X (Zhao and Truhlar, 2008) and wB97XD 
(Salzner and Aydin, 2011) functional with 6–31 + g* level of theories 
using the Gaussian 09 program (Frisch et al. (2009)). The M06–2X basis 
functional is the highly parameterized approximate exchange-energy 
correlation function and it is indirectly deal with “medium range (≤5 
Å)” electron correlation, and not for long range interaction (>5 Å). Here, 
we have selected another functional wB97XD to describe the long-range 
correction (i.e. stacking interaction). The isolated 5-hmc, 5fc, 5caC, pGr, 
B-pGr, and N-pGr optimized by the above level theories and their 
structural stability is verified by the frequency analysis. The 
inter-molecular complexes of MBs with p-GDs optimized by the 
M06–2X/6-31 + G* level of theory. The adsorption energy is calculated 
by the counterpoise (CP) method (Taylor et al. n.d.) with basis set su
perposition error correction (BSSE) employing M06–2X and wB97XD 
level of theories. The calculated adsorption energy equation is given 
below  

Eads = EMBs+p-GDs-(EMBs + Ep-GDs)                                                    (1) 

Here, EMBs+p-GDs are total adsorption energy of MBs on p-GDs, EMBs, 
and Ep-GDs individual energy of monomers respectively. The structural 
stability, chemical reactivity, and adsorption capability are calculated 
by global reactivity descriptors for p-Gr and doped porous doped model. 
The charge transfer direction is also investigated for MBs on p-GDs by 
following equations, 

ΔN=
(μB − μA)

ηA + ηB
(2)  

where, μA, μB, ηA and ηB are chemical potential and hardness of 
acceptor and donor region. Here A is an acceptor (MBs) and B is a donor 
region (p-GDs). If ΔN parameters have a positive signature, the charge 
will be transferred from p-GDs to MBs or it is in reverse direction (Sar
avanan et al., 2020a). Further, corresponding orbital interactions are 
calculated for MBs on p-GDs by natural bond order (NBO) analysis (Reed 

et al., 1988). In the present investigation, atoms in molecule (AIM) 
analysis is used to predict both covalent and non-covalent interaction 
during complexation using bond critical points (BCPs) (Bader, 1991a) by 
Multiwfn (Lu and Chen, 2012) source code. The sensitivity of p-GDs 
towards adsorption of MBs are assessed by the density of state (DOS) 
analysis (Saravanan et al., 2020c). The optical property is explored for 
MBs on P-GDs by the time-dependent density functional theory 
(TD-DFT). 

3. Results and discussion 

3.1. Structural properties of monomers 

The pGr holds 36 carbon (C) atoms and 24 hydrogen (H) atoms 
passivate at the edge and porous region of the sheet. Zhang et al. (2013) 
suggested that the edge passivation is alternative way to decrease the 
effect of edge stresses for graphene sheet. In this current exploration, six 
boron (B) and six nitrogen (N) substitutes the C atom at C9, C14, C16, C21, 
C23, and C31 positions. The atomic masses of B and N substituents are 
closest to C atom, which would be suitable as carbon substitute, whereas 
the substitution considerably modifying the electronic properties of the 
host material due to the electron-rich and electron-deficient nature of N 
and B atoms. The optimized geometry of p-GDs structures is given in 
Fig. 1. 

The isolated 5hmc, 5fc, and 5caC modified nucleobases are opti
mized by the M06–2X level of theory and their structural properties are 
given in Table 1 and optimized structures are shown in Fig. 2, these 
results are good agreement with previous reported results (Mato et al., 
2017; Xing et al., 2018). 

In p-Gr, the calculated bond length of C − C, C––C, and C–H are 1.499 
Å, 1.407 Å, and 1.084 Å respectively and these results are close 
agreement with previous results (AlZahrani and Srivastava, 2010; Liu 
et al., 2013; Pashangpour and Ghaffari, 2013; Sofo et al., 2007), the 

Table 1 
The structural properties of 5hmc, 5fc, and 5caC calculated by M06–2X/6–31 +
g* level of theory.  

Bond type 5 hmc (Å) 5fc (Å) 5caC (Å) 

C=O 1.222 (1.23)*a 1.223 (1.24)*a 1.216 (1.20)*b 

C–C 1.411 (1.45)*a 1.456 (1.46)*a 1.458 (1.45)*b 

C=N 1.319 (1.32)*a 1.310 (1.33)*a 1.309 (1.40)*b 

N–H 1.015 1.015 1.015 
C–H 1.092 1.089 1.088 

*a Ref (Mato et al., 2017) and. 
*b Ref (Xing et al., 2018). 

Fig. 2. The optimized structure of epigenetically modified bases. Here black color is C, red is O, green is N, and blue is H. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
The structural properties of pGr, B-pGr, and N-pGr calculated by M06–2X/6–31 
+ g* level of theory.  

Bond type pGr (Å) B-pGr (Å) N-pGr (Å) 

C − C  1.499 (1.46)*a 1.451 1.428 
C= C  1.407 1.406 1.396 
C − H  1.084 1.089 1.080 
B − C  – 1.568 (1.50*a, 1.497*c) – 

B − H  – 1.167 (1.19)*b – 
N − C  – – 1.424 (1.37)*a 

N − H  – – 1.003 

*a Ref (Li et al., 2015). 
*b Ref (Wang et al., 2019), and *c Ref (Kong et al., 2012). 
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corresponding values are given in Table 2. 
While B doping, the C − C, C––C and C − H bond lengths are found to 

be 1.480 Å, 1.407 Å, and 1.089 Å respectively. Compared with p-Gr, 
C − C, C––C and C − H bond lengths are slightly elongated in B-pGr case 
due to large atomic radius of B atom. Whereas, in the case of N-pGr, the 
calculated bond lengths of C − C, C––C and C − H are 1.427 Å, 1.396 Å, 
and 1.085 Å respectively. Compared with p-Gr and B-pGr, N-pGr bond 

lengths are contracted which is mainly due to the smaller atomic radius 
N atom present in the porous region, these results are consistent with the 
previous result (Saravanan et al., 2020b). The B − C and N − C calcu
lated bond lengths values are 1.502 Å and 1.424 Å, these results are 
well correlated with previous results (1.497 Å and 1.412 Å) (Andriotis 
et al., 2016; Hu et al., 2020; Kong et al., 2012; Shukla et al., 2017; Singh 
et al., 2017). Compared to B–C bond, N–C bond has smaller bond length, 
because N (3.04) has higher electronegativity which makes a stronger 
bond with C atom (Saravanan et al., 2020b), which is also verified by 
electron density (ρ(r)) value. The calculated ρ(r) values of B − C and C −

N are found to be 0.181 and 0.277 a.u. The B and N dopant atoms in
crease the charge transfer from − 0.208 e to − 0.324 e and − 0.271 e, 
these results are good agreement with previous result [38,39] within the 
B-pGr and N-pGr. Increasing charge transfer further reduces the energy 
gap between the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO). The energy gap between 
the HOMO and LUMO values of p-Gr is decreased from 4.130 eV, to 

Table 3 
The global reactivity parameters are calculated for pGr, B-pGr, and N-pGr by 
M06–2X/6–31 + g* level of theory.  

p-GDs Energy gap (eV) μ (eV) η (eV)  

pGr 4.130 (3.7, 3.2)*a 3.88 2.07 
B-pGr 1.280 4.72 0.64 
N-pGr 1.224 2.76 0.61 

*a Ref (Xu et al., 2012). 

Fig. 3. The electron localized function map of a) pGr, b) B-pGr, and c) N-pGr.  
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1.280 eV in B-pGr, and 1.224 eV in N-pGr, which are given in Table 3. 
The smaller energy gap value of B-pGr and N-pGr surface has high 

chemical reactivity and it adsorb MBs more than the P-Gr which is 
further confirmed by global reactivity parameters such as such chemical 
potential (μ) and hardness (η). The calculated μ and η values are found to 
be 3.88 eV & 2.07 eV in pGr, 4.72 eV & 0.64 eV in B-pGr, and 2.76 eV & 
0.61 eV in N-pGr. The maximum η and minimum μ values expose that 
the structure is more stable and less reactive nature (Saha and Bhatta
charyya, 2016). Here, pGr has higher η value than B-pGr and N-pGr 
which clearly shows that the B-pGr and N-pGr are more reactive and less 
stability. Moreover, the structure aromaticity is calculated for pGr, 
B-pGr, and N-pGr using PDI (Matito et al., 2006). The calculated PDI 
value of pGr, B-pGr, and N-pGr are 0.092, 0.045, and 0.044 respectively. 
The pGr possess larger aromaticity value than the others, due to the 
π-electrons, which are highly delocalized within the benzene ring and it 
is stronger than B-pGr and N-pGr (Matito et al., 2006). This result is in 
good agreement with electron localized function (ELF) which is given in 
Fig. 3. In ELF, red and blue colours represent electron depletion and high 
electron concentration region. In Fig. 3, the π-electrons are highly 
delocalized within the p-Gr system compared to B-pGr, and N-pGr. A 
major inadequacy of p-Gr surface is chemically inert because of the 
strong sp2 hybridization and delocalized electron between C–C atoms in 
the p-Gr surface, hence, the interaction between the p-Gr and the MBs 
are fairly weak than the B-pGr and N-pGr. The geometrical properties 
conclude that B-pGr and N-pGr adsorb MBs more than p-Gr. 

3.2. Structural properties of MBs on p-GDs 

The MBs bases are placed parallel (π − π stacking) to the basal plane 
of the p-GDs at 3 Å distances. After complex formation, the π− π 
stacking distance between MBs and p-GDs are decreased as shown in 
Fig. 4. 

The calculated stacking distance of MBs on p-Gr, B-pGr, and N-pGr 

complex are 2.6–2.8 Å, 1.5–1.6 Å, and 1.9–2.6 Å respectively. Among 
complexes, the p-Gr is slightly adsorbing MBs on it, due to their chem
ically inert surface. The B-pGr covalently interacts with MBs bases 
because, during complex formation, the high charge (− 0.33 e) is relo
cated from high electronegative (N/O) atom to electropositive (B) atom. 
The B atom holds empty p-orbitals which easily interact with partially 
filled p-orbital of N and O atom (Berski et al., 2011), thus, it is covalent 
bond interaction during the complexation process, which confirmed by 
QTAIM analysis. The calculated B–O and B–N bond lengths of 
MBs-B-pGr complexes are found to be 1.653 Å and 1.616 Å in 5hmc, 
1.585 ̊A in 5fc, and 1.544 Å in 5caC. The corresponding electron density 
values are found 0.079 a.u & 0.114 a.u in B-pGr-5hmc, 0.097 a.u in 
B-pGr-5fc, and 0.109 a.u in B-pGr-5caC. In case of MBs-N-pGr complex 
the H-bond interactions are obtained between O/N atom in MBs and H 
atom in N-pGr, due to H-bond interaction, the stacking distance between 
MBs and N-pGr is reduced from 3 Å to 1.9–2.6 Å. Due to covalent and 
H-bond interactions, the adsorption energies are higher for B-pGr and 
N-pGr with 5hmc, 5fc, and 5caC bases than pGr-complex. The obtained 
geometrical properties show that the B-pGr is more reactive and it ad
sorbs more MBs on it. 

3.3. Adsorption energy 

The adsorption energy is an important technique to understand the 
total adsorption energy between two or more species. The total 
adsorption energy is calculated for the MBs on p-GDs with the assist of 
counterpoise with BSSE correction by the M06–2X level of theory. The 
calculated total adsorption energy values of complexes are given in 
Table 4. 

Tabatabaei et al. (2018), have been found that the total adsorption 
energies of 5hmc, 5fc, and 5caC on the MoS2 sheet are − 0.68 eV, − 0.52 
eV, and − 0.63 eV respectively. Lately, Gao, H et al. (Gao et al., 2019), 
have been reported that graphene nanoflake adsorbs MBs more than 

Fig. 4. The optimized structure of MBs on pGDs complex system.  
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normal DNA base i.e. cytosine base, which is mainly due to the hydroxyl, 
formyl, and hydroxyl functional group present at the MBs which 
enhance the adsorption energy. Their total adsorption energy of cyto
sine, 5fc, 5hmc, and 5caC with graphene nanoflake are − 15.15 kcal/
mol, − 17.13 kcal/mol, − 17.83 kcal/mol, and − 16.18 kcal/mol. 
Tabatabaei et al. (2018) and Gao, H et al. (Gao et al., 2019) also reported 
that 5hmc and 5caC are adsorbed more on MoS2 and graphene nanoflake 

than 5fc base. In this present exploration, the total adsorption energies 
are calculated by the M06–2X/6–31 + g* level of theory. The calculated 
total adsorption energy values of MBs on pGr are − 16.573 kcal/mol 
(5hmc), − 15.215 kcal/mol (5fc), and − 19.157 kcal/mol respectively. 
When B and N atom doped at the porous site, the surface sensitivity and 
selectivity also increase, thus, they highly adsorb MBs than pGr. The 
calculated total adsorption energy values of MBs on B-pGr are − 94.614 
kcal/mol (5hmc), − 84.761 kcal/mol (5fc), and − 68.745 kcal/mol 
(5caC) respectively. In the case of MBs on N-pGr, the total adsorption 
energy values are found to be − 35.350 kcal/mol (5hmc), − 23.830 
kcal/mol (5fc), and − 22.975 kcal/mol (5caC) respectively. Among all 
complex systems, MBs with B-pGr has higher total adsorption energy 
due to the covalent bond formation during complexation. At long-range 
interaction (>5 Å), the hybrid M06–2X functional is incapable to 
appropriately explain the R-6 asymptotic distance-dependence of 
dispersion forces (Langreth et al., 2005). Therefore, hybrid DFT func
tional with long-range corrections is very vital to define the stacking 
interaction between two different monomers. The wB97XD functional 
incorporates the long-range correction (LC) with empirical atom-atom 
dispersion corrections (DFT-D) and it also explicit the empirical 
dispersion correction term R-6 (Chai and Head-Gordon, 2008; Kamel 
et al., 2017). Hence, the effect of dispersion method has also been 

Fig. 4. (continued). 

Table 4 
The adsorption energy and charge transfer values of complex system.  

Complex system Adsorption Energy (kcal/mol) Charge transfer value 

M06–2X in wB97XD in ΔN in eV  

pGr-5hmc − 16.573 − 17.595 0.005 
B-pGr-5hmc − 94.614 − 96.074 − 0.141 
N-pGr-5hmc − 35.350 − 36.274 0.171 
pGr-5fc − 15.215 − 19.316 0.076 
B-pGr-5fc − 84.761 − 60.721 − 0.032 
N- pGr-5fc − 23.830 − 38.943 0.252 
pGr-5caC − 19.157 − 21.003 0.047 
B-pGr-5caC − 68.745 − 77.0 − 0.061 
N-pGr-5caC − 22.975 − 24.062 0.205  
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computed for the MBs on p-GDs. In this present investigation, the total 
adsorption energy values of all complex system are calculated by the 
wB97XD/6–31 + g*. The calculated total adsorption energy values of 
5hmc on pGr, B-pGr, and N-pGr are − 17.595 kcal/mol, − 96.074 
kcal/mol, and − 36.274 kcal/mol respectively. In 5fc over pGr, B-pGr, 
and N-pGr, the adsorption values are − 19.316 kcal/mol, − 60.721 
kcal/mol, and − 38.943 kcal/mol respectively. Similarly, in the case of 
5caC over pGr, B-pGr, and N-pGr, the calculated adsorption values are 
− 21.003 kcal/mol, − 77.0 kcal/mol, and − 24.062 kcal/mol respec
tively. The adsorption energy order of MBs on p-GDs is B-pGr-5hmc >
B-pGr-5caC > B-pGr-5fc > N-pGr-5fc > N-pGr-5hmc > N-pGr-5caC >
pGr-5caC > pGr-5fc > pGr-5hmc. The overall adsorption energy results 
clearly display that B-pGr has more adsorption energy for 5hmc, 5fc, and 
5caC than the N-pGr and pGr. The orders of the reactive sheets are B-pGr 
> N-pGr > pGr. The highest adsorption is due to the strongest interac
tion arises between B (in B-pGr) and O/N (in 5hmc, 5fc, and 5caC bases). 
Among MBs on p-GDs complex, 5hmc is more adsorb with B-pGr 
(− 96.074 kcal/mol) than the other two MBs, because two covalent bond 
interactions arise during complexation process (N65–B23 and O62–B9) 
between 5hmc and B-pGr. Compared with pGr, N-pGr is adsorbed more 
5hmc, 5fc, and 5caC bases, due to their small energy gap value and 

chemical hardness. The total adsorption energy result shows that B-pGr 
would be a good sensing device and it would be potentially efficient in 
cancer therapy. Moreover, B-pGr is more appropriate for 5hmc base 
when compared to 5fc and 5caC bases. 

3.4. Charge transfer characteristics 

The charge transfer mechanism is playing an important role to un
derstand the amount of charge transfer between intra and inter- 
molecular complex of two systems. In this work, the charge transfer 
characteristic is computed for MBs on the p-GDs by natural bond order 
NBO and electron density difference map (EDDM) analysis. Moreover, 
the electron transfer direction is investigated for all complex system by 
ΔN parameter values and these values are compared with NBO analysis 
(Vatanparast and Shariatinia, 2018). The calculated stabilization energy 
(E2) values of complexes are given in Table 5. 

According to Table 5, the most substantial proton-donor and proton- 
acceptor in the 5 hmc-pGr are πC7–C25 →σ*N63–H73 and 
πC4–C31 →σ*O62–C70, their corresponding E2 values are 1.55 kcal/mol 
and 1.64 kcal/mol. In 5 hmc-pGr complex, pGr (π C7–C25 and π C4–C31) 
is a proton donor and 5hmc (σ*N63–H73 σ* O62–C70) is a proton acceptor 
region, which reveals that the existence of π-π stacking interaction and it 
occurs between 5hmc and pGr. The highest charge is transferred be
tween π*O61–C69 (donor) and π* C9–C27 (acceptor), their corresponding 
E2 value is 1.68 kcal/mol in 5fc-pGr complex. In the case of pGr-5caC 
complex, πC14–C26 (pGr) is a donor region and π*C72–O74 (5caC) is an 
acceptor, their calculated E2 value is 3.12 kcal/mol. When compared 
with 5hmc and 5fc, 5caC on pGr has the highest E2 value, due to the 
highest charge (0.33 e) is transferred between pGr and carboxyl group of 
5caC during complex formation. Thus, pGr-5caC complex has higher 
adsorption energy than the pGr-5fc and pGr-5hmc. This result confirms 
that the functional group enhances the adsorption energy between MBs 
and pGr (Gao et al., 2019). The charge transfer order is pGr-5caC >
pGr-5fc > pGr-5hmc; this result is well correlated with adsorption en
ergy analysis. The NBO results strongly report that the charge is trans
ferred from pGr to MBs during complex formation which is further 
verified by ΔN parameter. The positive value of ΔN signifies that the 
electron transfer is occurred from pGr to MBs, the negative signature of 
ΔN shows vice versa. The ΔN parameter values of 5hmc, 5fc, and 5caC 
on pGr are 0.005 eV, 0.076 eV, and 0.047 eV respectively, which are 
given in Table 4. The positive ΔN value defines that pGr is a donor re
gion and MBs is an acceptor region. In MBs with B-pGr complexes, the 
highest charge transfer has occurred from σB23-N65 to LP*C70 in 
B-pGr-5hmc, LPO61 to LP*B9 in B-pGr-5fc, and LP O62 to LP* B23 in 
B-pGr-5caC. The corresponding E2 values are 152.65 kcal/mol, 100.94 
kcal/mol, and 138.31 kcal/mol respectively. The highest E2 value is 
mainly due to the strong covalent bond interaction between B and O/N 
atoms. During complexation process, the high amount of charge (0.358 
e) is relocated from high electronegative atom (O/N) to electropositive 
atom (B), thus it gets higher adsorption energy than the other complex 
systems. The order of E2 is B-pGr-5hmc > B-pGr-5caC > B-pGr-5fc, this 
result is well correlated with adsorption energy analysis. These results 
show that the charge is transferred from MBs to B-pGr; this is further 
confirmed by the ΔN parameter values. The ΔN values of MBs with 
B-pGr are − 0.141 eV, − 0.032 eV, and − 0.061 eV. Here, the negative 
signature of ΔN values indicates that the electron flow is relocated from 
MBs to B-pGr. In MBs on N-pGr complex, the hydrogen bond interactions 
are observed in 5hmc and 5fc with N-pGr. In N-pGr-5hmc, N23–H50⋯O62 
and N16–H43⋯N65 hydrogen bonds are observed, their corresponding E2 

values are 11.25 kcal/mol and 4.79 kcal/mol. Here in the N-pGr-5hmc 
complex, σN23–H50 and σN16–H43 are proton-donor, whereas, LP* O62 
and LP* N65 are proton-acceptor regions. Correspondingly, in N-pGr-5fc 
and N-pGr-5caC complex, σN9–H39, σN31–H52, and σ N23–H50 are 
proton-donor region, whereas, LP* O61, LP* O64, and LP* N68 are 
proton-acceptor region. The corresponding E2 values are 6.70 kcal/mol, 
9.41 kcal/mol, and 8.37 kcal/mol. The calculated ΔN values of MBs with 

Table 5 
The charge transfer mechanism is calculated by NBO analysis.  

Complex System Donor Acceptor E(2) kcal/mol 

pGr-5hmc π C7–C25  σ*N63–H73  1.55 
π C4–C31  σ*O62–C70  1.64 
LP N64 σ*C23–H50  0.58 
σ*N65-C69  π*C14–C26  1.47 

B-pGr-5hmc σ B23–H50  σ*B23–N65  27.86 
σ B23–N65  LP* C70 152.65 
σ B23–N65  π*C66–C69  57.09 
σ O62–C70  LP* B9 22.82 
σ N65–C69  σ*B23–N65  24.30 
σ N65–C70  σ*B23–N65  23.07 

N-pGr-5hmc π C3–C24  σ*N64–H75  2.99 
σ O62–C70  σ*N23–H50  2.07 
σ N23–H50  LP* O62 11.25 
LP N63 σ*N14–H41  1.21 
σ*N16–H43  LP N65 4.79 
π*C66–C67  π*C4–C26  1.09 

pGr-5fc π*C9–C27  π*O61–C69  1.68 
B-pGr-5fc π*O61–C69 

LP O61 

LP O61  

LP* B9 

LP* B9 

σ*B9–C27  

29.17 
100.94 
4.17 

N- pGr-5fc π C3–C35  π*C66–C67  1.11 
π C5–C24  σ*N65–H73  1.58 
π C12–C33  σ*N63–H71  1.86 
LP N14 π*O61–C69  1.80 
σ N64–C68  σ*N31–H52  1.52 
σ N9–H39  LP* O61 6.70 
LP O61 σ*N16–H43  3.82 
σ N31–H52  LP* O64 9.41 

pGr-5caC π C14–C26  π*C72–O74  3.12 
B-pGr-5caC LP C34 σ*N63–H76  13.31 

π C61–O62  LP* B23 33.27 
LP O62 LP* B9 12.87 
LP O62 LP* B23 12.50 
LP O62 σ*C2–B23  4.73 
LP O62 LP* B23 138.31 
LP O62 σ*B23–H50  3.19 

N-pGr-5caC π C3–C24  σ*N65–H69  2.13 
LP N16 σ*C67–N68  1.04 
σ C67–N68  σ*N23–H50  3.08 
σ N23–H50  LP* N68 8.37  
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N-pGr are 0.171 eV in N-pGr-5hmc, 0.252 eV in N-pGr-5fc, and 0.205 eV 
in N-pGr-5caC. The NBO analysis and positive value of ΔN report that 
the charge transfer occurs from N-pGr to MBs in complex formation. The 
charge transfer mechanism is further verified by the EDDM analysis 
which is shown in Fig. 5. The red and blue colours represent the con
centration of electron increases (rich region) and decrease (depletion 
region) region respectively, which are given in Fig. 5. In pGr-MBs and 
N-pGr-MBs complexes, the electron-rich region is scattered on MBs and 
electron depletion region is fell on pGr and N-pGr, which means the 
charge is transferred from pGr and N-pGr to MBs. In contrast, the charge 
transfer has occurred from MBs to B-pGr in B-pGr-MBs complex which is 
mainly due to the strong covalent interactions appearing between B and 
N/O in B-pGr-MBs complex. Thus, the B-pGr-MBs complexes have 

higher adsorption energy than the other complex system. 

3.5. Topological properties 

Atoms in molecule (AIM) analysis is used to comprehend the inter
action nature (either covalent or non-covalent) and bonding strength 
between two atoms in a molecular system (Bader, 1991b). Hence, in this 
exploration, AIM is used to examine the interaction between MBs and 
p-GDs. The electron density ρ(r), Laplacian electron density ∇2ρ (r), and 
total electron density H(r) at the bond critical points (BCPs) are very 
useful to designate the strength of bond and their interaction (Partha
sarathi et al., 2006). The positive and negative H(r) value specifies the 
non-covalent and covalent interaction between two systems. Further, 

Fig. 5. Electron density difference map of MBs on pGr, B-pGr, and N-pGr complex system.  
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covalent and non-covalent interaction is verified by the ration of -G(r)/V 
(r). The -G(r)/V(r)≥1 is non-covalent and -G(r)/V(r) ≤ 1 is a covalent 
nature (Bader, 1998; Louit et al., 2003). The ρ(r))≥ 0.1 value is covalent, 
whereas the ρ(r)≤0.01 indicates the non-covalent interaction (Mudedla 
et al., 2016). The calculated parameter values are given in Table 6. 

According to Table 6, the calculated ρ(r) value ranges are 
0.006–0.010 a.u in pGr-5hmc, 0.005–0.007 a.u in pGr-5fc, and 
0.006–0.007 a.u in pGr-5caC. Their corresponding ∇2ρ(r) values are 
0.017–0.030 a.u in pGr-5hmc, 0.015–0.026 a.u in pGr-5fc, and 
0.018–0.019 a.u in in pGr-5caC. The calculated H(r) and –G(r)/V(r) 
values are 0.0008–0.0010 a.u & 1.102–1.380 a.u in pGr-5hmc, 
0.0005–0.0012 a.u & 1.160–1.289 a.u in pGr-5fc, and 0.0006–0.0007 
a.u & 1.162–1.221 a.u in pGr-5caC respectively. The small ρ(r), positive 
H(r), and –G(r)/V(r)≥1 values are clearly revealed that the π-π stacking 
interaction is occurred during complex formation in pGr-MBs complex. 
In B-pGr-5hmc complex, the calculated ρ(r) values of O62–B9 and 
N65–B23 are 0.079 a.u and 0.114 a.u in B-pGr-5hmc. Similarly, in B-pGr- 
5fc and B-pGr-5caC complexes, the ρ(r) values of O61–B9 and O62–B23 
are 0.097 a.u and 0.109 a.u respectively. The higher ρ(r) values reveal 
that the covalent bond interactions occur between B-pGr and MBs which 
is to the presence of high electronegative atom (O/N) covalently interact 
with electropositive B atom, thus the reason B-pGr-MBs has higher 
adsorption energy (Berski et al., 2011). Further, the negative H(r) value 

and less than 1 (-G(r)/V(r)) values are also obtained in the B-pGr-MBs 
complex system which is indicating the existence of covalent interaction 
between B-pGr and MBs in a complex system. In N-pGr-MBs complexes, 
hydrogen bond interactions (N23–H50⋯O62 in N-pGr-5hmc, 
N9–H39⋯O61 in N-pGr-5fc, and N23–H50⋯N68 in N-pGr-5caC) occur 
between N-pGr and MBs. The calculated ρ(r) and ∇2ρ(r) values of 
hydrogen bonds are 0.030 a.u & 0.106 a.u (N23–H50⋯O62), 0.023 a.u & 
0.074 a.u (N9–H39⋯O61), and 0.020 a.u & 0.062 a.u (N23–H50⋯N68). 
The corresponding –G(r)/V(r) is 0.991 a.u (N23–H50⋯O62), 0.969 a.u 
(N9–H39⋯O61), and 0.943 a.u (N23–H50⋯N68). The calculated AIM pa
rameters illustrate that the covalent interaction occurs in B-pGr-MBs and 
non-covalent interaction occurs in pGr-MBs and N-pGr-MBs system. 

The reduced density gradient (RDG) (Johnson et al., 2010) is 
calculated for MBs over p-GDs which is governing (phys
isorption/chemisorption) the interaction between MBs and p-GDs. The 
NCI map for a complex system is given in the Supplementary Fig. S1. In 
Fig. S1, ≈-0.050 to 0.050 a.u, − 0.010 to − 0.050 a.u, 0.010 to 0.050 a.u 
range indicates that van der Waals, hydrogen bond interaction, and 
steric effect respectively. In MBs on PGr complex, there is no hydrogen 
bond peaks are observed at − 0.010 to − 0.050 a.u region which shows 
that π − π stacking interaction occurs during complex formation. In MBs 
on B-pGr complex, one peak is monitored at − 0.020 a.u in 
5hmc/5fc-B-pGr, whereas two peaks are observed at − 0.020 and 
− 0.030 a.u in 5 aC-B-pGr which is mainly due to the strong interaction 
occurred between B and N/O during complex formation. In the case of 
MBs on N-pGr, one peak is obtained at − 0.030 a.u in 5 hmc-N-pGr, 
whereas in both 5fc-N-pGr and 5caC-N-pGr, one major peak is calculated 
at − 0.025 a.u. These results show that the hydrogen bond interaction 
(N23–H50⋯O62 in N-pGr-5hmc, N9–H39⋯O61 in N-pGr-5fc, and 
N23–H50⋯N68 in N-pGr-5caC) has appeared between MBs and N-pGr. 

3.6. Absorption spectra 

The absorption properties of isolated MBs and MBs on p-GDs are 
reconnoitred by the TD-DFT method which is given in Fig. 6 and Table 7. 

Previous experimental results (Chowdhury et al., 2014; Evertsz et al., 
1994) have reported that the modified DNA absorption peak has 
occurred at 220–280 nm. In this investigation, isolated MBs such as 
5hmc, 5fc, and 5caC maximum peaks are calculated at 205.1 nm, 244.9 
nm, and 229.9 nm respectively, all these peaks are found to n-π* tran
sition, these results are good agreement with previous results (Mato 
et al., 2017; Xing et al., 2018) and their corresponding orbital transition 
is H→L+2 (in 5hmc), H→L (in 5fc), and H→L+1 (in 5caC) respectively. 
Ai, Y et al. (Ai et al., 2018) reported that the excitation energy and 
oscillator strength of 5hmc were found at 4.789 eV and 0.035 respec
tively. In this work, the calculated excitation energy and oscillator 
strength values are 4.797 eV & 0.030 (in 5hmc), 5.062 eV & 0.384 (in 
5fc), and 5.392 eV & 0.429 (in 5caC) respectively. These results are good 
agreement with the previous result (Ai et al., 2018; Mato et al., 2017). 
When MBs over the p-GDs, the maximum peaks are shifted towards 
higher wavelength which exhibits bathochromic shift. In MBs-pGr 
complex system, the calculated maximum adsorption peak and excita
tion energy are 244.6 nm & 5.067 eV (in pGr-5hmc), 250.7 nm & 4.945 
eV (in pGr-5fc), and 249.3 nm & 4.972 eV (in pGr-5caC). The calculated 
corresponding oscillator strength of MBs-pGr complex are 0.429, 0.041, 
and 0.022, their corresponding orbital transition arises at H-2→L, H→L, 
and H-2→L, it exhibits hypochromic effect. In B-pGr-MBs complex, the 
maximum absorption peak is observed at 469.8 nm, 542.1 nm, and 
503.3 nm. Compared with pGr-MBs, B-pGr-MBs has a higher wavelength 
which is mainly due to the presence of B dopant atoms in the porous 
region. The B dopant atoms decrease the energy gap between HOMO 
and LUMO and it is adsorbed more MBs than the pGr. Increasing 
wavelength decreases the excitation energy (Saravanan et al, 2020a, 
2020b; Vinnarasi et al., 2019), the calculated excitation energy values of 
MBs-B-pGr complexes are 2.639 eV (in B-pGr-5hmc), 2.287 eV (in 

Table 6 
Topological parameter values of isolated and complex system are calculated by 
QTAIM.  

Complex 
System 

Bonding 
type 

ρ(r) in 
a.u  

∇2ρ(r) in 
a.u  

H(r) in a.u -G(r)/V(r) 
in a.u 

pGr C–C 0.259 − 0.625 − 0.216 0.216 
C=C 0.305 − 0.814 − 0.299 0.241 
C–H 0.279 − 0.982 − 0.281 0.114 

B-pGr C–C 0.280 − 0.699 − 0.252 0.235 
C=C 0.396 − 0.817 − 0.300 0.242 
C–H 0.276 − 0.953 − 0.274 0.115 
B–C 0.181 − 0.694 − 0.181 0.475 
B–H 0.194 − 0.397 − 0.214 0.349 

N-pGr C–C 0.293 − 0.752 − 0.275 0.240 
C=C 0.310 − 0.842 − 0.312 0.245 
C–H 0.281 − 0.997 − 0.286 0.113 
N–C 0.277 0.784 − 0.387 0.331 
N–H 0.338 − 0.017 − 0.471 0.099 

pGr-5hmc H71–C24 0.006 0.017 0.0009 1.380 
H72–C21 0.007 0.025 0.0010 1.102 
N65–C4 0.006 0.021 0.0008 1.292 
O62–C31 0.010 0.030 0.0008 1.304 

B-pGr-5hmc O62–B9 0.079 0.443 − 0.035 0.807 
N65–B23 0.114 0.449 − 0.071 0.720 

N-pGr-5hmc O62–H50 0.030 0.106 0.00003 0.991 
O62–N9 0.012 0.045 0.0011 1.224 
N21–H73 0.009 0.032 0.0010 1.166 
O61–H76 0.018 0.063 0.0002 1.015 

pGr-5fc O61–C6 0.005 0.015 0.0006 1.227 
N64–H39 0.007 0.026 0.0012 1.289 
O62–C35 0.005 0.017 0.0007 1.160 
N63–C23 0.006 0.017 0.0005 1.120 

B-pGr-5fc O61–B9 0.097 0.538 − 0.0450 0.799 
N64–B21 0.007 0.022 0.0012 1.343 
N63–B23 0.008 0.021 0.0004 1.080 

N- pGr-5fc O61–N21 0.005 0.016 0.0004 1.124 
O61–H39 0.023 0.074 − 0.0006 0.969 
O61–N23 0.009 0.030 0.0005 1.078 
O61–H43 0.022 0.052 − 0.00006 0.995 

pGr-5caC O74–C3 0.006 0.019 0.0007 1.221 
O74–C35 0.006 0.018 0.0007 1.202 
O73–C14 0.006 0.019 0.0006 1.162 
N65–C16 0.007 0.019 0.0006 1.189 

B-pGr-5caC O62–B23 0.109 0.618 − 0.0510 0.800 
O62–H43 0.008 0.030 0.0012 1.234 
O62–C27 0.017 0.059 0.0010 1.079 

N-pGr-5caC O62–N9 0.008 0.025 0.0005 1.086 
N68–H50 0.020 0.062 0.0002 0.943  
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B-pGr-5fc), and 2.406 eV (in pGr-5caC) respectively. The corresponding 
orbital transitions of B-pGr-MBs complexes are H-1→ L+1, H-1→ L, and 
H-1→L. Whereas, in the case of MBs-N-pGr, the absorption peaks are 
also shifted to a higher wavelength. The maximum peaks are obtained at 
523.8 nm (in N-pGr-5hmc), 565.3 nm (in N-pGr-5fc), and 561.0 nm (in 
N-pGr-5caC) respectively, which exhibits bathochromic shift. The ob
tained results strongly expose that the presence B and N dopant atoms 
reduces the energy gap and increase the chemical reactivity, thus they 
are adsorbed more MBs than the pGr. The present investigation strongly 
reported that the B-pGr would be expedient in the optical sensing of 
epigenetically modified nucleobases. 

4. Conclusion 

In the present investigation, pGr, B-pGr, and N-pGr are explored as a 
sensing device of epigenetically modified DNA bases by the quantum 
chemical method based on DFT theory. The structural and electronic 
properties reveal that B-pGr is more reactive than the pGr and N-pGr, 
due to the empty p-orbitals of B atom which easily interact with partially 
filled occupied p-orbital of N and O atom. Thus, the MBs on B-pGr have 

high adsorption energy than the other complexes, because two covalent 
bonds (O62–B9 & N65–B23) interactions occur between B-pGr and 5hmc 
during complex formation. The obtained results are compared with 
previous results. The adsorption energy of B-pGr-MBs are − 96.074 kcal/ 
mol (in B-pGr-5hmc), − 60.721 kcal/mol (in B-pGr-5fc), and − 77.0 kcal/ 
mol (in B-pGr-5caC). The positive ΔN values (0.005 eV, 0.076 eV, and 
0.047 in MBs on pGr and 0.171 eV, 0.252 eV and 0.205 eV in MBs on N- 
pGr) show that the charge is transferred from pGr and N-pGr to MBs, the 
negative ΔN values (− 0.141 eV, − 0.032 eV, and − 0.061 eV in MBs on B- 
pGr) indicate the charge is transferred from MBs to B-pGr. Further, it is 
confirmed by NBO and EDDM analysis. The effect of absorption prop
erties shows that the B-pGr is strongly adsorbed MBs at 342 nm. The 
obtained results exhibit that the B-pGr is an optimal choice for sensing 
device of epigenetically modified DNA bases in cancer therapy. 
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